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ABSTRACT.    A comprehensive report of a year's data, 
taken from a special range established at WOTS for 
study of heat vave problems,   is presented.    The data 
include micrometeorological information as well as 
optical and photographic results obtained at fre- 
quent time intervals at various distances and from 
several camera elevations. 

As a result of multiple correlation analyses of 
these data three experiments were conducted.    Re- 
sults of these experiments,  which demonstrate that 
it is possible to modify the heat wave problem by 
application of various ground cover materials,  are 
also presented. i 
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FOREWORD 

Heat waves, shimmer, and mirage all represent variations from the 
commonly assumed isotropy, or optical homogeneity, of the atmosphere. 
These phenomena introduce oscillatory errors in such parameters as ap- 
parent direction, distance, and attitude of test objects, and tend to 
degrade the data obtained from sightings and metric photography. Heat 
waves, their causes, and the possibilities of alleviating their effects 
on data gathering have both plagued and intrigued NOTS personnel since 
the inception of the Station. 

This report is written to correlate and summarize the considerable 
amount of work and data generated at this Station on the heat-wave prob- 
lem. Evidently, no final conclusions have as yet been drawn. Much of 
the data presented here was obtained on the so-called heat-wave test 
range; an example of the use of this data is found in the section on 
ground cover study. The heat-wave range data, although too voluminous 
to publish in detail in this paper, is conveniently tabulated on IBM 
cards for electronic data processing and is thus available for further 
analysis. 

Since this summary is written for those having a background in the 
physical sciences, standard theories and general procedures are not en- 
larged upon. The material presented has been reviewed for technical 
accuracy by Carroll L. Evans, Jr. 
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EXPERIMENTAL RESULTS FROM HEAT-WAVE RANGE 

Observations, made on the Heat-Wave Range for about a year, con- 
sist of a full day's data taken at intervals of approximately two weeks. 
These observations contain measurements of the resolution of the images 
of targets situated 250, 500, 1,000, and 2,000 feet from the camera. 
(An additional test target at a range of 4,000 feet was later added, and 
was used for all data subsequent to 8 April 1955«) Measurements of wind 
velocity, ground and sub-surface temperatures, temperatures of air at 
several heights above the ground, barometric pressure, relative humidity, 
cloud cover, and results of radiometric readings, were included along 
with camera height, time, and resolving power, in the IBM data printout. 
Figure 2 is a sample page from the data printout. 

JULY IS 

0*V CLDCVR VIS  TEMP HUM  WS WO  -.5      0     .»     2 8     10 15 IS 39 45    PRES RAD TRANS NCR  OIST HT RES TIME 

6   160   UO   l^O   110   10b 108   104 10» 104 10b lOi   27.52 136 12 124     250   IS 20 1402 
ö   160   11U   140   110   lOB 108   104 10b 104 105 10'   27.52 136 12 124     250   2g 19 1403 
8   160   110   140   110   10» 108   104 105 104 105 10<   27.52 136 12 124     250   25 19 1404 
6   160   110   140   110   10a 108   104 105 104 105 102   27.52 136 12 124     250   30 19 1405 

8   160   110   140   110   108 109   104 105 104 105 102   27.52 136 12 124     500     5 6 1408 
b   160   110   140   UO   108 108   104 105 104 105 102   27.52 136 12 124     500   10 14 1409 
b   160   110   140   Ho   108 108   104 105 104 105 102   27.52 136 12 124     500   15 16 1410 
6   160   110   140   llu   108 1UB   104 10b 104 105 102   27.52 136 12 124     500   20 14 1411 
8   160   UO   140   110   lOS 106   104 lu5 104 105 102   27.52 136 12 124     500   25 16 1412 
8   160   110   140   110   108 ICO   104 1C5 104 105 102   27.52 136 12 124     500   30 16 1413 

8 160 no 140 no 100 108 104 im 104 105 102 27.52 128 9 119 1000   5 8 1415 
s 160 no i4o no 108 108 104 105 104 105 102 27.52 128 9 119 1900 10 n 1416 
8 160 no i4o no loe 100 104 105 104 105 102 27.52 128 9 119 1000 15 11 1417 
s 160 no 140 no loa 100 104 iob 104 105 102 27.52 128 9 119 1000 20 11 uie 
0 160 no 140 no 10a loa'lö« V«J 104 105 102 27.52 128 9 119 1000 25 16 1419 
8 I60 no i4o no iob 106 104 105 104 105 102 27.52 i2e 9 119 looo 30 u 1420 

25  105  141  8 160 110 140 110 108 103 104 105 104 105 102 27,52 128 9 119 2000  5 16 1422 
8 160 no i4o no loe 108 104 105 104 105 102 27.52 120 9 119 2000 10 a 1423 
a 160 no 140 no loa 108 104 105 104 105 102 27.52 128 9 119 2000 15 9 1424 
8 160 no i4o no loe loe 104 105 104 105 102 27.52 128 9 119 2000 20 10 1425 
8 160 110 140 110 IOB 108 104 105 104 105 102 27.52 128 9 119 2000 25 11 1426 
8 160 110 14C 110 lOo ion   104 105 104 105 102 27.52 128 9 119 2000 30 14 1427 

25  105  14»  8 160 110 140 110 106 10S 104 105 104 105 102 27.52 128 9 119 4000  5 7 1428 
a 160 no 140 no loa 10s 104 105 104 105 102 27.52 126 9 119 4000 10 10 1429 
s 160 no I4c no loa IOS 104 105 104 105 102 27.52 117 12 105 4000 15 10 1430 
a 160 no i4o no 10a 108 104 105 104 105 102 27.52 117 12 105 4000 20 11 1431 
8 160 110 140 110 loa 108 104 IOS 104 105 102 27.52 117 12 105 4000 25 11 1432 
8 160 110 140 110 108 IOS 104 105 104 105 102 27.52 117 12 105 «OOO 30 12 143j 

25  105  14»  1 205 112 139 109 106 105 102 104 104 104 102 27.49 97   8 89  250  5 16 1500 
1 205 112 139 109 106 105 102 104 104 104 102 27.49 97 8 69 250 10 18 1501 
1 205 112 139 109 106 105 102 104 104 104 102 27.49 97 8 69 250 15 21 1502 
1 205 112 139 109 106 105 102 104 104 104 102 27.49 97 8 89 250 20 ,19 1503 
1 205 112 139 109 106 105 102 1J4 104 104 102 27,49 97 6 89 250 25 19 1504 
1 205 112 139 10V 106 105 102 104 104 104 102 27.49 97   t 69  250 30 11 1505 

1 205 112 139 109 106 105 102 104 104 104 102 27.49 97   8 69  500  9 14 1506 
1 205 112 139 109 106 105 102 104 104 104 102 27.49 97   6 69  500 10 18 1509 
1 205 112 139 109 106 105 102 104 104 104 102 27,49 97*   8 89  500 15 20 1510 
1 205 112 139 109 106 105 102 104 104 104 102 27.49 97   8 89  500 20 18 1511 

FIG. 2. A Typical Printout Page From Heat Wave Range Data. 

nr CMM 25 105 14» 
235 CMM 25 105 14i 
235 CMH 25 105 14» 
235 CMH 25 105 14« 

-J35 CMM 25 105 14» 
235 CMH 25 105 u« 
235 CMH 25 105 14» 
235 CMH 25 105 14» 
235 CMH 25 105 14» 
235 CMH 25 105 14» 

235 CMH 25 10? 14'» 

235 CMH 25 105 14» 
235 CMH 26 106 14» 
235 CMM 25 105 14» 
235 CMM 25 105 14» 
235 CMH 25 106 14» 

' iii CMH 25 106 141 
235 CMM 25 105 14» 
235 CMH 25 105 14» 
235 CMH 25 105 14» 
235 CMH 2b 106 14« 
**> CMH 2S 105 1«» 

Tii "CMM 26 105 14» 
235 CMM 25 105 14» 
Hi CMM ^5 105 14» 
235 CMH 25 105 14» 
235 CMM 25 105 14» 
235 _CMH 25 105 14« 

235 CMM 25 105 14» 
J35 CMH 25 105 14» 
236 CMM 25 105 14» 
235 .CMM 25 105 14» 
235 CMH 2» 105 14» 

^35 CMH 25 105 14» 

235 CMM 25 105 14» 
13S CMH 25 105 14» 
235 CMH 25 105 14» 
235 CMM 25 105 14» 



mWEPS REPORT 7773 

PROCEDURE 

Each target was photographed with the camera at heights of 5^ 10, 
15, 20,   25,   and 30 feet above ground level, the nearer targets being 
photographed first. The intervals between successive exposures at vari- 
ous levels approximated one minute—the usual time required to raise the 
camera, center the field of view, and make the exposure. Occasional 
departures were made from the above sequence (particularly at dawn or at 
dusk) in order to photograph a specific target when it was best illumi- 
nated . 

All exposures were made at full aperture, f/8. Accommodation for 
the changing illumination of the targets was achieved by varying the 
frame rate and shutter opening, and by use of neutral density filters. 
The camera's minimum exposure of 1/11^2 second required the use of fil- 
ters at full aperture in full midday sunlight. Unfortunately, maximum 
exposures of 1/250 second were used for the circumstance of weak light, 
since at that time this range of exposure times was supposed to have 
only negligible effect on the resolution.  Information acquired later 
on in this study (see section on Peregrinations of Optical Images, and 
also Appendix B) suggests that the deterioration of image resolution 
was, in certain cases, traceable to the prolonged exposure of l/250 
second. 

ASSESSMENT OF RECORDS 

Each run of the camera used three or more feet of film. Ten of 
the fifty or more individual frames were selected randomly for assess- 
ment of image resolution. A 100-power microscope was used in reading 
the film. The criterion for resolution was simply whether or not the 
individual lines in a group could be recognized. There were four sets 
of lines on each resolution target, two horizontal and two vertical. 
Since ten frames were measured at each camera-target situation, the 
value for image resolution used was the mean of ten determinations. 
The error in the mean value for the resolution for any given time was 
less than one line for values of the order of 20 lines/mm. Figure 3 
shows distribution of resolving power attained from photographs taken 
during the period November 195^ to November 1955« 

THE OBSERVATIONS 

Each camera target record was punched on an IBM card containing the 
corresponding meteorological data, camera height, target distance, time, 
date, and resolution. More than 6,500 such cards resulted from the 
year's observations. The general trend of the results is shorn in 
Figs. k-Q.    The data for these figures have been chosen as representa- 
tive samples of the four seasons. The reader should note the following: 
(l) Resolution improves with camera height, (2) resolution is poorest in 
summer and in early afternoon, and (3) resolution deteriorates only 
slightly at increasing tea-get distance, and even less at camera heights 
above fifteen feet. 
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FIG. 3» Histograms Showing the Distribution of Resolving 
Power Obtained From Photographs Taken During the Period 
November 195^ to November 1955« Camera heights of 5, 10, 
15, 20, 25, and 30 feet were used to photograph targets 
at distances of 250, 500, 1,000, 2,000, and 4,000 feet. 
The height-distance combination is included next to each 
histogram. 
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FIG. h.    Diurnal Variation of Atmospheric Effects on Image Resolution 
Plotted From Data Recorded at Three Camera Heights on a Specific Day 
From Each Season. Target vas positioned 250 ft downrange. 
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FIG. $• Diurnal Variation of Atmospheric Effects on Image Resolution 
Plotted From Data Recorded at Three Camera Heights on a Specific Day 
From Each Season. Target was positioned 500 ft downrange. 
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FIG. 6, Diurnal Variation of Atmospheric Effects on Image Resolution 
Plotted From Data Recorded at Three Camera Heights on a Specific Day 
From Each Season. Target was positioned 1,000 ft downrange. 
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FIG. 7. Diurnal Variation of Atmospheric Effects on Image Resolution 
Plotted From Data Recorded at Three Camera Heights on a Specific Day 
From Each Season. Target was positioned 2,000 ft downrange. 
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FIG. 8. Diurnal Variation of Atmospheric Effects on Image Resolution 
Plotted From Data Recorded at Three Camera Heights on a Specific Day 
From Summer and Autumn. Target was positioned 4,000 ft downrange. 
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PERBGRIMATIONS OF OPTICAL IMAGES 

The faithful depiction of distant objects over a desert terrain is 
degraded by the presence of Intervening moving masses of air which, be- 
cause they are at different temperatures, havte different densities and 
hence different indices of refraction. These parcels of moving air may 
assume various shapes and sizes. The motion and expected lens-like be- 
havior of these parcels continually produce a wide scope of variations 
in the directions and lengths of optical paths, thus giving rise to the 
phenomena of mirage, looming, and heat waves. The image of a distant 
object is therefore seen, under moderate magnification, to be altered 
in either or both of the following ways: 

Distorted. The subdivisions of the image are shifted more or less 
In random fashion as to direction and time of shift, or are thrown out 
of focus, so that the image Is blurred perhaps beyond recognition. 

Displaced. The image as a whole is transported rapidly in a more- 
or-less random fashion as to direction and time of shift, about a mean 
position, so that the image, though oscillating wildly, is fairly well 
defined and essentially ondistorted. 

The moving masses of air of varying physical and optical density 
are called "turbulons" by Becker (Ref. l). He defines a single turbulon 
as a volume of gas or fluid having an index of refraction differing sig- 
nificantly from that of the surrounding gas. It is desirable to further 
classify the turbulons in regard to size. For this study, a "small" 
turbulon refers to a parcel or module of optically inliomogeneous air 
which subtends a small angle from the viewpoint of the comeraj small 
turbulons give rise to the first alteration of the image listed above, 
i.e., distortion. A "large" turbulon is simply one that subtends a large 
angle at the camera and hence gives rise to the second alteration of 
image cited above, i.e., displacement. 

One approach to an analysis of the heat-wave problems depends upon 
a model of the lower atmosphere involving both descending cold masses of 
denser air and rising masses of less-dense warm air (Ref. 6 )*. The de- 
scending turbulons might be expected to act much like cylindrical posi- 
tive lenses, whereas the rising turbulons might be expected to behave as 
cylindrical negative lenses. Wood (Ref. 3^, p. 89) has discussed exper- 
imental work with lenses of gelatin soaked in various materials such as 
glycerine, which exhibit similar behavior. Certain aspects of this lens 
behavior are expected to differ from those of the usual glass lens. 

In Ref. 6 Cone describes an interesting vortex model of rising 
warm air mass arising from mushroom shaped warm air modules present near 
ground. 

12 
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PROFJLE OF ISOTHtRHS  OF CROSS-SECTION Of HtAT *AVf 
ILLUSTRATED BELOW 

PROFILE  OF ISOTHERMS OF CROSS-SECTION OF HEAT-WAVE 
ILLUSTRATED  BELOW 

PATH OF A HAT OF LIGHT 
THROUGH A HTPOTHETICAL 
TURBULON 

PATH OF A RAY OF LIGHT 
THROUGH A HYPOTHETICAL 
TURBULON 

FIG. 9. Three Aspects of Tur- 
bulon Resulting From Rising 
Warm Air. 

FIG. 10. Three Aspects of 
Turbulon Resulting From Cool 
Descending Air. 

chiefly in that (l) the index of refraction will not he uniform within 
the turbulon, but will vary with only a small difference from surround- 
ing air at surface and a larger difference nearer the center, (2) the 
turbulons will not be, in general,, perfectly cylindrical, but rather 
distorted, (3) the turbulons will not be stationary but will vary with 
time, perhaps with temporary large changes occurring, from time to time, 
in the diameter of a turbulon with spheroidal modules rising or falling, 
where before there was but a small-diameter cylinder. Figures 9 and 10 
illustrate this concept of the deviation of parallel light paths by such 
simple cylindrical hot and cold air masses. 

An Experimental study has been undertaken in which a motion picture 
record made over a 500-foot path essentially parallel to and five feet 
above a typical desert terrain was analyzed. A study of the amount and 
pattern of relative motion of portions of the image is described with 
some mathematical detail in Appendix B. The record is in two parts, 
one made under good and the other made under poor seeing conditions. 

13 
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GROUND COVER STUDIES 

Small-scale tests were performed by Evans and Lyon to determine the 
effect, if any, of various ground covers on some of the factors affect- 
ing photographic resolution. The ground covers investigated were lime, 
grass, and simple water sprinkling. In each test a typical untreated 
desert area was used for control purposes. 

Of the total solar energy incident upon the surface of the earth. 
Et, a portion is reflected from the surface and a portion is absorbed 
by the ground. The energy radiated from the ground combined with that 
reflected, is called E?.    The energy conducted into the soil is called 
Eg. Net convective remainder, NCR, is considered to be the incident 
solar energy less the portions reflected and absorbed. Thus, 

NCR = E. - E - E . t   r   g 

Stewart and MacCready (Ref. 10) have used a similar concept and referred 
to it as,"... the convective heat transfer through the air." 

A 10^ sample of the IBM cards selected at random from the year long 
series of observations was subjected to multiple regression analysis. 
The resulting relationship between resolution, NCR, target distance, 
camera height, and temperature is presented in Appendix C along with 
other experimental details of ground cover tests.  Figure 11 shows the 
relationships of NCR, resolving power, and temperature. A marked im- 
provement in the theoretical resolution was found for the limed area. 

Ik 
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FIG. 11. Average Resolvlns Power, Ambient Air Temperature, anä the 
Reciprocal of Net Convective Remainder Are Shown as Functions of Time. 
Resolving power targets were photographed from a distance of 2,000 feet 
over desert terrain, on July 15, 1955. 

CONCLUSIONS AND RECOMMENDATIONS 

Several aspects of the heat wave problem have been investigated. 
Results of experiments on a special heat wave range for a period of over 
a year have been analyzed. Three experiments in ground cover modifica- 
tion have demonstrated the relevance of the turbulon model. 

The conditions which give rise to heat waves are temperature inver- 
sion, clear skies, and absence of winds—in other words, atmospheric in- 
stability. The effects of heat waves on photographic data can be alle- 
viated in part by use of elevated camera positions and by modification 
of eround cover. 

15 
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The net convective remainder is a useful concept in predicting the 
resolution of photographic images from meteorological data.  Figure 12 
shows a significant, but not singular, dependence of resolution upon NCR. 

FIG. 12. Plot of Resolution Vs NCR. 

RESOLUTION  LINES /MILLIMETER 

Ambient temperature, wind velocity, 
time of day, and time of year are 
other factors which seem important 
In predicting resolution. An at- 
tempt at a further multiple regres- 
sion analysis of these factors and 
NCR might constitute a reasonable 
problem for future investigation. 

The pattern of diurnal variation, with optimum conditions existing 
during early morning and late afternoon hours, is modified in degree by 
seasonal variation, with optimum conditions occurring from Fall to early 
Spring.  The pertinent data seem to indicate the following as prudent 
courses of action:  (l) insofar as possible, conduct tests at night so 
as to utilize the quiescent atmosphere, (2) establish criteria for an- 
ticipated resolution minima based on NCR, and (3) cancel photographic 
coverage of tests for which a useless photographic record is indicated. 

The results of these studies have shovra. our atmosphere to be so 
imperfect a medium that daytime use of photographic instruments having 
least counts appreciably smaller than five seconds of arc may represent 
useless extravagance. 

16 
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Appendix A 

HEAT-WAVE RANGE INSTRUMENTATION 

The heat wave range is located on the eastern side of the Indian 
Wells Valley and extends 4^000 feet northwestward from the base of the 
K-2 launcher, as shown in Fig. 13• Northeast and east of the heat wave 
range is the Argus range of mountains with elevations above 6,000 feet 
m.s.l., and to the west and southwest is a dry lakebed with an elevation 
of 2,200 feet m.s.l. The heat wave range runs nearly parallel to the 
contour lines along the lowest foothills of the Argus mountains at an 
estimated elevation of 2,300 feet m.s.l. Sandy soil and semidesert 
vegetation predominate over the entire test range area. 

nGROUND 
2 TEMPERATURE i_. 

RECORDER 

2000 

■ w . J !lOO0 

/ ORDER        '        -; v-'V      '      - '       ' ~   IW  jf    '- V---1 250   ^ 

r "»-^Sg BAROMETER O^Üs--'^;"." ~   ^ ^   ' >-~ UTt ■ ^'■' 
[ ^--^ HYGROMETER      !*» -   *^-v     - - ^ ^   •  '■•»^^Ji     ■ 

FIG. 13« Heat Wave Range Viewed From Camera Position. 
Test targets are shown at 250, 500, 1,000, and 2,000 
feet downrange; the target at 4,000 feet was added later. 

The following variables are measured: wind direction and speed at 
heights of k  feet and 20 feet, ambient air temperature at eight heights, 
ground temperature at two levels below the surface, relative humidity, 
atmospheric pressure, net solar and terrestrial radiant exchange, and 
the heat flux conducted into the ground. 
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Visibility is estimated in accordance with the U. S. Weather Bureau 
standards and known visibility rnarkers. 

Sky cover and the height and type of clouds are also estimated ac- 
cording to Weather Bureau standards and, whenever possible, cloud heights 
are checked from pilot observations over the ranges and by means of ceil- 
ing balloons used by the Aerology Office at Armitage Field. This field 
is approximately eight miles southwest of the heat wave range, as shown 
in Fig. Ik. 

FIG. 1^. Location of the Heat Wave Range with Respect to Other 
NOTS Ranges and Access Roads. 
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Pyrheliometer, winds aloft, and radiosonde data are collected for 
test days. Records are also kept of air mass conditions and the general 
synoptic situation both at the surface and aloft. 

Listed below are the major types of data gathered and the instru- 
ments used: 

1. Wind direction and speed: 
two Beckman Whitley wind speed 
and direction recorders. 

2. Humidity: Bendix-Frlez 
hygrothermograph and a motor 
psychrometer are used to 
measure humidity. 

3« Air Temperature: ambient 
air temperature is measured 
by a mercurial thermometer in 
a thermoscreen, and is also 
measured at eight heights on 
a telephone pole (Fig. 15)« 

h.    Atmospheric pressure: 
pressure measurements are re- 
corded by a Bendix-Friez 
microbarograph. 

5. Ground temperature:  a 
micromax recorder and two 
thermohms sense and record 
the ground temperature at two 
levels below the earth's sur- 
face. 

!*  *.>'". 
!■*•«< 

- .-  ■    .   » 

4&9K 

•     it "A 

6. Net radiant exchange: the 
net radiant exchange is meas- 
ured by Beckman-Whitley 
radiometers and recorded by a 
Brown Electronik Strip Chart 
Recorder. 

7. Ground conduction:  heat 
energy conducted into the 
ground is measured by Beckman- 
Whitley Heat Flow Transducers 
and recorded by a Brown Electronik 
recorder. 

FIG. 15. Eight Thermocouples 
Mounted on a ^5-ft Telephone 
Pole. Three kx3-tt  target 
boards used to mount resolution 
charts are shown at lower left 
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FIG. 16. Beckman & Whitley Wind Speed and Direction Recorder. 
The wind speed and direction sensing elements are shown in 
the left foreground, two Esterline Angus recorders in the 
right foreground, and the power supply unit in the center. 

WIND DIRECTION AND SPEED 

No correlation "between photographic displacement of an image and 
the direction and speed of the wind has been found in the literature. 
The heat wave range, shown in Fig. 13 has been equipped with two Beck- 
man and Whitley wind speed and direction recorders with the object of 
determining the effect of these two variables on the photographic images. 

One recorder is placed 50 feet downrange from the camera; its 
sensing elements are 20 feet above the ground. The other airvane is 
750 feet downrange; its sensing elements are four feet above the ter- 
rain. Figure 16 shows one of the Beckman and Whitley wind speed and 
direction recorders. 

The Beckman and Whitley recorders have a threshold below one mph, 
which has been attained through the use of a very low-mass wind vane, a 
three-cup anemometer, and drag-free electronic transducers. The anemom- 
eter mechanism interrupts a light beam as it rotates, and this signal 
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is transmitted to the recorder. The manufacturer claims an average up- 
ward transient response time of approximately 1.25 seconds for the ane- 
mometer, while downward response time averages 2.25 seconds. Response 
of the wind vane to a 45-degree shift at three mph (or more) wind speed 
is 1.25 seconds. Response time increases below 3 mph. These instru- 
ments also incorporate a pen keep-alive circuit, which reduces pen-to- 
paper friction and causes the pen to respond more faithfully to the 
applied signal. 

The accuracy of the manufacturer's statements concerning response 
times has not been checked because we are interested mostly in average 
wind speed and direction measurements taken over an interval of several 
seconds. Further investigation into the heat wave problem may indicate 
the need for more accurate wind speed and direction measurements. 

HUMIDITY 

A thermoscreen, four feet above the ground, located slightly west 
of the line of sight between the camera and the resolution charts, 
houses several thermometers, a Bendix-Frlez hygrotherrnograph provides 
a continuous record of temperature (to I'F)  and humidity (to within 5^)« 
It was decided that a more accurate method for determining the relative 
humidity was needed, hence a motor psychrometer was installed in the 
thermoscreen. With an accuracy of 1-1/2 ^ readings are taken hourly 
with this instrument on test days. 

AIR TEMPERATURE 

AMBIEMT AIR TEMPERATURE 

Ambient air temperature measurements are made continuously by the 
Bendix-Frlez hygrotherrnograph, as previously mentioned, and hourly 
measurements are taken from a calibrated mercurial thermometer in the 
thermoscreen. All mercurial thermometers used in measuring temperatures 
for the heat-wave studies were calibrated by the NOTS Standards Labora- 
tory, and are accurate to 0.2 deg. 

TEMPERATURE GRADIENT 

The determination of temperature at eight levels above the ground 
is accomplished by the use of miniature thermocouples placed at various 
heights on a telephone pole. The thermocouples are extended horizontally 
three feet from the pole by aluminum tubing and are located at the follow- 
ing heights: 0.5, 2.0, 5.0, 10.0, 15.0, 25.0, 35.0, and U5.0 feet above 
the ground, as shown in Fig. 15« 
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The thermocouples were made of No. 30 matched Leeds and Northrup 
copper-constantan wire. Each thermocouple bead (approximately .032 
inches in diameter) was coated with basic lead carbonate and dipped 
in paraffin. 

For calibration the thermocouples were immersed in an ice bath and 
the temperature readings recorded by a Brown Electronik recorder. These 
checks proved the thermocouples in the installation to be accurate within 
0.1 dog. To check the accuracy of the thermocouples for measurements 
of ambient air temperature while e:cpo3ed to the sun's radiation, com- 
parisons were made in the field using a 2^-inch calibrated mercurial 
thermometer (shaded) at three thermocouple levels. The results of these 
comparisons /ire shown in Fig. 17« 

ATMOSPHERIC PRESSURE 

Atmospheric pressure. Important in air density calculations, is 
recorded by a Bendlx-Friez microbarograph. This is a portable in- 
strument with an aneroid pressure-sensing mechanism, and a specified 
accuracy of 0.02 inches of mercury. 

Frequent checks are made on test days with the pressure readings 
obtained at Armitage Field (Fig. lli), where a mercurial barometer is 
used. Correction is made for the difference in elevation (68 feet) 
between K-2 range and Armitage Field. 

GROUND TEMPERATURE 

Subsoil temperature measurements are made with two Leeds and 
Northrup thermohms and a recorder.  The thermohms, placed at depths of 
l/2 inch and 6 inches in the natural sandy soil of K-2 range, are pro- 
tected by brass covers. The protective covers increase the thermal 
lag, but the protection is considered necessary. 

The Rlcromax recorder accurately records the ground temperature in 
degrees centigrade. This is later converted to degrees Fahrenheit for 
ease of comparison with ambient air temperatures near the ground. One 
channel of this recorder is a zero reference and serves as a convenient 
check for instrument drift. Expected accuracy is 1.0oF. 
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S 6 7 
READING   NO. 

9 6 7 
READING   NO. 

C.     3.0  FEET ABOVE  GROUND 

-Q  j, fgj—     Ö 

J i 
9 6 7 

READING   NO. 
9 10 

FIG. 17. Temperature Readings From Three Coated Thermo- 
couples Positioned at 0.5, 2.0, and 5.0 Ft Elevation Com- 
pared With Readings From a Shaded Mercurial Thermometer 
Placed at the Same Elevations. 
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NET RADIANT EXCHANGE 

Before describing the net exchange radiometers and the soil heat- 
flow transducers, which are discussed in item (7), it is useful to con- 
sider the source of the energy available for the formation of heat waves 
and the measurements which are necessary before a satisfactory heat wave 
theory can be generated. 

The total amount of energy coming to the earth from the sun (Et) is 
usually measured by a pyrheliometer. However, in studying heat waves 
we are interested only in that heat which produces density variations 
in the atmosphere. Therefore, we must subtract from (Et) the energy 
which is re-radiated from the earth (Er) and also the energy which is 
conducted down into the soil (Eg). The remainder (NCR) is theoretically 
the heat left for convection and the consequent formation of heat waves. 
In equation form this relationship may be written as 

NCR = (E. E ) r E 
g 

A measure of the net radiant exchange (Et - Ej«) is obtained from 
Beckman-Whitley radiometers. These instruments consist primarily of 
thermopile transducers attached directly in front of small air blowers 
which eliminate undesirable convection effects. Output of the thermo- 
pile transducers is adequate for the direct driving of a Brown Elec- 
tronik 12-channel recorder. Twelve seconds after sudden exposure these 
instruments reach 95/3 of steady state condition. 

FIG. l8. Net Exchange Radiometer. 
The sensitive two-surface area is 
approximately four and a half inches 
square. 

The net exchange radiom- 
eter shown in Fig. 18 is con- 
structed so that the reading 
obtained is actually the dif- 
ference between the incoming 
solar radiation and outgoing 
or reflected earth radiation; 
thus, it gives a measure of 
the energy transfer to the 
earth, part of which is avail- 
able for the formation of 
heat waves. 
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A comparison check of two radiometers to be used in the project was 
made on 19 November 195^. The radiometers were placed close together 
over similar sand and the measurements which were made are shown in 
graphical form in Fig. 19« 

FIG. 19. Comparison of Read- 
ings Taken by Two Beckman and 
Whitley Net Exchange Radiom- 
eters. Instruments placed side 
by side over similar sand at 
K-2 heat wave range. 

RADIOMETER NO   109 

RADIOMETER NO. 106 

(0Ü 1 1 L 
1390     1345     1400    1415      1430    1445      1500    1515      1930     1545 

TIME IPST) 

GROUND CONDUCTION 

In order to measure the amount of heat available for convection, 
consideration must be given to the amount of heat conducted into the 
ground (Eg). Measurement of this,energy is accomplished by a small 
thermopile which is buried l/h  inch under the sand in the vicinity of 
the radiometers. 

In operation, the thermopile produces an EMF proportional to the 
temperature gradient induced by heat flow through the thermal current- 
resisting material in the center of the transducer. A Brown Electronik 
Recorder is used to record this voltage. The response time for these 
sensing elements is 9%  steady state in 12 seconds, and the accuracy of 
calibration is 2^. 

On 23 November 1952, the two heat-flow transducers were placed side 
by side under l/4 inch of sand and exposed to the direct rays of the 
sun. The measurements which were obtained are plotted in Pig. 20. 

Figure 21 illustrates graphically how the data from a radiometer 
(Et - Er), along with the data from a heat flow transducer, are used 
to determine the net convective remainder, NCR. 
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TRANSDUCER   A 

TRANSDUCER   B 

C=-=-=^?=—«4=^=6^ a -. 

1015 1020        1025       1030       1035       1040       1045       1050       1055        1100 

TIME (PST) 

FIG. 20. Comparison of 
Readings Taken by Two Beck- 
man and Whitley Soil Heat 
Flow Transducers. These 
instruments were buried 
side by side under l/k  in. 
of sand at the K-2 heat- 
wave range. 

FIG. 21. Graph Showing How 
the Measurements of (Et - Er) 
From a Radiometer, and Measure- 
ments of Err From a Soil Heat 
Flow Transducer Are Used to 
Determine the Net Convective 
Remainder (NCR). 

NET RADIANT EXCHANGE IE, - E , 1 

NET CONVECTIVE flEMAINDER\   NCR M E, - Ef)-E_ 

070O        OeOO       09OO 1000        MOO        (ZOO       1300        1400 1500        1600 
TIME  (PSTI 
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Appendix 3* 

PEREGRINATIONS OF OPTICAL IMAGES 

It was the object of this study to determine the character, loca- 
tion, and effect of turbulons on the quality of photographic images, 
and to develop a method of data reduction that would separate the image 
motion caused by turbulons from the image motion caused by other fac- 
tors, such as cajnera vibration. 

METHOD OF DATA ACQUISITION 

Data for this study were acquired by photographing the target shown 
in Fig. 22 across ^00 feet of typical desert terrain. The items of chief 
interest were the four small disks in a three- 
foot square array, which was attached to the 
corners of an enlarged reproduction of the 1952 
resolution chart of the National Bureau of Stan- 
dards. A Mitchell 35/mm motion-picture camera 
equipped with a Thompson lens having a focal 
length of kd  inches and an aperture ratio of f/8 
was used. The camera was loaded with Linagraph- 
Ortho film and operated at 16 frames per becond ,, 00 n-    > 
with a 10 deg. shutter opening. The line-of- „ *   *   _,, 

. , .    x>4       ^    j.    x. J T  1 Used as the Pho- sight was five feet above ground level. ,    , .  ,v. .  , tographxc Object. 

Two sets of data were acquired and are tabulated below. One set was 
gathered early in the morning, the' other early in the afternoon in order 
to obtain one set when the temperature gradient near the ground was small 
and another when the gradient v/as large. 

2o     oS 

||lOl| 

The material presented in Appendix B has been abstracted from an 
unpublished manuscript entitled "On the Peregrinations of Optical Images 
of an Object Caused by Heat Waves" written by the late W. H. Christie 
and partially revised by H. F. Pearl. 

27 



MVWEFS REPORT 7773 

Observational Data 

No. Time 
PST 

h/29/5h 

Sky Wind Temp. Seeing* Remarks 
Vel 
(mph) 

Dir 
(•Az) 

Ground 
temp 
CF) 

Air 
temp 

1 

8 

0715 

ikoo 

scat, 
clouds 

cir. & 
cum. 

1-3 

15 

270 

260 

73 

118 

60 

77 

6 

1-2 

visibility: 
30 miles 

cloud 
shadows 
over target 

*Seeing is a subjective term used by astronomers in an attempt to esti- 
mate the steadiness or clarity of an image.  It is rated on a scale of 
1 to 10, where 1 is very poor and 10 is perfect. 6 is considered good, 
corresponding to the resolution of 18 lines/mm on a photograph of the 
resolution chart in this study. 

METHOD OF DATA REDUCTION 

The exposed film was inserted into the Borereader film-measuring 
machine and the locations of the centers of Disks 1, 2, 3^ and k  de- 
termined for each frame in the X and Y directions. The X and Y coor- 
dinates were subscripted 1, 2,   3, and k  for the respective points, and 
were referred to the sprocket holes in the film. The results are plot- 
ted in Fig. 23. In general, the X and Y values of each disk varied from 
frame to frame on account of the apparent displacement of the disk due 
to the following factors as produced under conditions of this experiment: 

1. Camera movement (vibration and flexure of the tripod mount). 
2. Image distortion by a small turbulon. 
3. Image shift by a large turbulon. 

The numerical subscripts are subscripted c, h, and H to indicate 
these three factors, respectively. The centers of Disks 1, 2, 3, and If 
are called Points 1, 2, 3, and h  respectively, and their coordinates are 
called the coordinates of the disks. 
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FRAME NUMBER 
8450                  60                   70                     80                    90                 8500                    10                   20                     30                    40                    50  

A . 1 OF ARC 

yv^ \   ..^ . ^ ̂ wv IAK^ LJV4   _ . « l/%w\ AA... M      v 

vyy^ V ^-v [      YW u r W/^ v- r              — W'v 
^...'-*" ^ . . A ^. , . , -5 R  ^ ''\r" ^HhAA^ W\ NV \h~iJ\l \l\\^rJ(\^Th^ V •»• ^ V v V 

A  .     A i ^ /I s^ . %        ä J\ .  » A^^ 

*,UV\/\\J\J\J\ WVKV>w1 v\^vvvv IV-tAA.yWM^ \. 
..       A 1     .     A ^ A,   K ^^^J A ^ A AA 
j v^\vv^\ ^wh/^MW w ¥Vv^v v ^ vv u w r - v- 

A. ^ .L.r*^ ..  ...    r ,        ft   .      ^ L   .   . -  A . -»^ - . s Ay^ r'NA. /v'v v ̂  V IW'V \^^Jr^J\Ä\r ^  \NK 

~7^^ 
..     JL 

^\ / w^^*/ UwN A y—i A A u-A / Vwy^wKy\ A. 
V V V     w u   ■■■ V v 

/v^^ I\\K, A—^r   AAv.A/\    ^^.K ..  Ax«w»V ._ A^^/V.^^ 
«, 7^ v vyv* v v -■ ►w V w ^VTV     TAA/V v* 

Jl r\ t/w 
«,  , /^/ ̂ v- -WvH ^VA/^/1'—Lk.AA^/v^  ^ • i^rv*    v V V If     ' - V V»- 

0 

FIG. 23. Frame by Frame Coordinates of the Centers of Disks 1, 2,  3, 
and h  Shown in Seconds of Arc Vs Frame Number. 

The apparent displacement of the image of a disk is the vector sum 
of the displacements caused by the above three factors. In the absence 
of fiducial marks on the film that are independent of camera movement*, 
the displacements caused by heat waves are separable from the displace- 
ments caused by camera movement only by a mathematical procedure which 
is based upon the fact that the displacements due to camera movement 
affect the images of all four disks equally. 

It is evident that over a period of time long enough to contain 
many displacements of all types of the image of a disk, the mean loca- 
tion of the center of the disk will be the true location of its center, 
which may also be called its centroid of motion. Thus the mean coordi- 
nates of the center of the disk are the coordinates of the point from 
which to measure each displacement. 

Subsequent to the initiation of this study, a device for providing 
such marks was developed. It consists of a prism, fixed to the camera 
mount, which directs into the camera lens a beam of parallel light orig- 
inated by a collimator based on the ground near the camera. The target 
in the collimator consists of the fiducial marks. 
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The mean X and Y coordinates of each disk are: 

n n 

X.  = - ;  X- 

1=1    1 

X2 " nAV 

rl      nZ. \ 
1=1    1 

X3 " *L\ 

Yn = 

Y. = 

KZV 

^-3. 

> Eq.   (1) 

kl*> - &\ 
i   / 

Where n = the number of measures of the coordinates (one measure- 
ment per frame)—the same for all four disks; 1 = the dummy Index of  • 
the measurements or frame number. 

Thus, for each frame the rectangular components of the displacements 
of the four disks are: 

^1 = Xl " Xl 

^2 = x2 - x2 

M3 = X3 - X3 

Mk = xh-xh 

AY = Y - Y  \ oil  'l  II 

AY2 = Y2 - Y2 

AY = Y - Y 
^3  ^3  ^3 

S   Eq. (2) 

**k = Yk-\   / 

where the X's and Y's are the coordinates of the points measured on the 
given frame. 

Each displacement of a point in an image is the vector sum of the 
displacements caused by camera movement, by large turbulons, and by 
small turbulons. Thus for each frame the rectangular components of 
the displacements of the four disks are the scalar sums: 
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c    h    T ^1 = ^1 +Ari:AYiw c     h   H 

AX2 = AX2 + £X2 + M       AT = Ay2 + AY  + AiT 
c    h    H c    h    H 

AX = AX  + ZÄ  + AX      AT = AY  + AT  + AY 
^    ^c    \ -^H      ^    ^c    ^h    ^H 

> Eq. (3) 

AX^ = AX^ + AX4 + Mk 
c     h     H c     h     H 

/ 
Camera movements affect the Images of all four disks equally. So 

do large turbulons, since they cause a shift in the image of the target 
as a whole. Thus for any given film frame we have the constant sums: 

M1 +AX  =K 
c     H 

AT,  + AY 
h 
^K1 

AX^ + AX„ = K 
h ^2 + ^2 = K1 c     H 

AX  + ZÄ  = K 
•^c    ■% 

AY  + AY  « K1 

■^c    ■% 

AX^ + AX^ = K 
c     H 

&h    + AYU = K1 

c    HH 

So that Eq. (3) may be subtracted in pairs and written: 

1 -   —2 AX1 - AXp = AX1  - AX 
x h     h 

AY, - AYrt = A^j^  - AJfg  \ 

AX - AX = £Ä  - AX 
-•■    ^    Xh    -^h 

AX^^ - AX^ = AX^^ - AX^ 
h    I 

Ay  - AY = AiT  - AT 
X    -^    Xh    -^h 

^ - AY^ = AJfL - AY^ 

> Eq. (U) 

\ 
/ 

In each set of equations in Eq. {W)  there are three equations in 
four unknowns, viz., AX , AX , AX , /!X,  and AY, , A^^ , AY , AY. ; 

Ti   Ti   ^h    h     Ti    h   -^h    h 
hence any solution must contain an unknown quantity.  If one of these 
unknowns in each set could be eliminated, however, the set could be 
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solved for the other three unknowns in terms of the displacement com- 
ponents AX , AX2> AX,, AX, and AiT , AT«, AY^, AJf^. These are the dis- 

placements which are measured on the film. 

Now the effect of small turbnlons is to cause displacements of 
relatively small areas of the image. Since these displacements are, in 
general, different from point to point on the image, for each frame as 
well as for successive frames, there is a remapping of the points from 
frame to frame, i.e., there is a distortion. Since distortion is the 
result of pointwise differences in the displacements, some means of 
quantifying the overall displacement differences for each frame would 
be a measure of the distortion caused by small turbulons at the instant 
represented by the film frame. This will now be developed. 

The measure of distortion caused by small turbulons in a given 
frame (which is applicable to all frames) is therefore the displacement 
of each point on the image relative to the displacement of a reference 
point on the image—which is standard for all frames—integrated and 
averaged over all the points on the image. 

The difference between the absolute displacement of a given image 
point and the absolute displacement of a reference point, for a given 
frame, will be called the relative displacement of the point for that 
frame. Any point may be taken as the reference point. Let us select 
the center of Disk Wo. 1 for this purpose. 

Since the displacements of points on the image for each frame due 
to small turbulons are referred to the displacement of Point No. 1, 
this is the same as taking the displacement of Point No. 1 due to small 
turbulons to be zero for the given frame, i.e., X1 =0 and Y.. =0. 

hi Xh 
Stated another way, the displacement of Point No. 1 in a given frame is 
taken as the zero of an X-displacement scale for that frame, and the 
Y displacement of Point No. 1 is taken as the zero of a Y-displacement 
scale. Thus, Eq. (4) becomes: 

\ 
Air„ = AY^ - A^ 

■^1 

.AX1 

h 
.AX1 

A 2  ""1 

AiT  = AY - AY 
:5h    J    -L 

&k    = A^ - AYL 

>    Eq. (5) 

/ 

That is, the displacements due to small turbulons are functions of the 
net displacements measured on the film. 
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Relative displacement for a given frame, integrated over all points 
on the image and averaged, is the complete measure of the distortion of 
the image by small turbulons for that frame. In this study we will not 
measure the relative displacement of a continuum of points, but we will 
measure it for three well-distributed-points—the centers of Disks 2, 
3,  and k.    Thus, we will obtain only a partial measure of the distortion 
for each frame, but one that is sufficiently descriptive for our pur- 
poses. Integrating the relative displacements of these three points 
and taking the average, we obtain: 

*£ = 1/3 (/Ä  + AX  + ^X, ) and ^ = l/3 (^0 + AY  + AI )  Eq. (6) 
Ti    -^h    Ti      n        Ti    ^h    Ti 

which is the measure of distortion of the image at the instant of time 
represented by the frame, to the accuracy pennitted by selecting three 
points out of a continuum of points. 

It might be well to point out that setting to zero the absolute 
displacement of the reference point due to small turbulons is legiti- 
mate, since it is consistent with the fact that distortion is a measure 
of the relative—not the absolute—displacement of image points, and 
absolute displacements must have a common reference such as zero if 
they are to be compared with each other for the purpose of determining 
relative displacements. 

Figure 2k plots the Aj_s given_by the left side of Eq. (5) vs frame 
number. Figure 25 plots AX, and AY, vs frame number, as determined 
from Eq. (6). n     n 

Approximately 100 sets of measures—a set is four measures per 
frame—are processed as described by Ecp.  (l) through (6), and the re- 
lations expressed by the latter are plotted in Fig. 25. Figure 25 
thus indicates the degree of image distortion vs time. In Figs. 23, 2U 
and 25, the frame numbers are shown along the tops of the graphs. 

Figures 26, 27, and 20 are rectangular plots of the X and Y dis- 
placements of the centroid of the images of Disks 2, 3,  and h  with 
respect to Disk 1. The plotted points are labeled with the last two 
digits of the corresponding frame numbers. The points are connected 
in succession by straight lines which are dotted in the several cases 
where an observation is missing. The origin of each graph is the mean 
position of the centroid whose motion is shown on the graph.  (Units 
in Figs. 26, 27, and 28 are plotted in seconds of arc in both the X 
and Y directions.) 
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FRAME NUMBER 
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FIG. 24. Frame by Frame Plot of Displacements in X and Y Directions of 
Disks 2,  3,  and h Relative to Disk 1, Plotted in Seconds of Arc Vs Frame 
Number. 
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FIG. 25. X and Y Image Distortions Plotted Frame by Frame in Seconds 
of Arc Vs Frame Number. 
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SECONDS 
0 2 

FIG. 26. Rectansular Plot of AX^ and A^ for Frames 8k^0-8k32.    Units 

are plotted in seconds of arc in both the X and Y directions. 

The results thus obtained indicate clearly that, even with good 
atmospheric conditions, the position of. an object as determined from 
photographic records may be in error by quite a few seconds of arc. 
In this case these errors are about ±5 seconds for a path of 500 feet 
length running essentially parallel to the ground at a height of five 
feet. The distribution of density of observations for zones of radius 
R about the centroid for one disk is shown in Fig. 29. The histogram 
resembles a chl-square distribution curve, as might be expected. This 
conformity seems excellent evidence of randomness for these errors. It 
does not however identify turbulons as the cause. Dimensional insta- 
bility in photographic film, for example, may be the significant random 
contributor to these errors. Dimensional instability in the film might 
be expected to introduce image displacements in the range 10-20 microns 
which would correspond to a directional error of ±3 seconds for the 1+8- 
inch lens used in this test. 
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FIG. 27. Rectangular Plot of /^ and AJL for Frames 8WO-851O. Units 

are plotted in seconds of arc in both X and Y directions. 
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SECONDS 
0 Z 

FIG. 28. Rectangular Plot of ZA. and A^ for Frames 8508-85^2. Units 

are plotted in seconds of arc in both the X and Y directions. 
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FIG. 29. Density Distribution of Ob- 
servations for Zones of Radius R. 

A set of observations similar to those discussed in the foregoing 
paragraphs was made later on the same day when the seeing had become 
poor. These data are shown in Figs. 30-3^> and require little comment 
except that the change in scale from that used in the first series 
should be noted in Figs. 32, 33)  and 3^-    The more pronounced erratic 
motion of the photographic images under poor seeing conditions is well 
brought out by the charts. These poor seeing conditions are by no 
means worst seeing conditions. Motions of the images that were much 
more violent have been observed. 
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FRAME NUMBER 
970 980 990 1000 1010 1020 1030 i040 10 50 

FIG. 30« Frame by Frame Plot of Displacements in X and Y Directions 
of Disks 2^ 2,  and h  Relative to Disk 1. These curves are for poor 
seeing conditions and correspond to Fig. 2k  which was plotted from 
data taken under good seeing conditions. 
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FIG. 31. Frame by Frame Plot of the X and Y Distortions of the Image 
Under Poor Seeing Conditions. This contrasts with Fig. 25 which was 
plotted from data obtained under good seeing conditions. 

FIG. 32.  Rectangular Plot of AX and AY,. 
n     h 

Frames 972-1003 (Poor Seeing Conditions). 

kO 



MVWEPS REPORT 7773 

FIG. 33. Rectangular Plot of AX, and 

Af, for Frames 1001-1028 (Poor Seeing 

Conditions. 

FIG. 3k. Rectangular Plot of AX, and 

Af, for Frames 1027-1053 (Poor Seeing 

Conditions). 
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Appendix C 

EXPERIMENTAL DETAILS OF GROUND COVER STUDIES 

The data from a year-long series of observations taken at approxi- 
mately two-week intervals to determine the resolution of targets at 
various camera heights and target distances, were summarized on 6,500 
IBM cards.  Six hundred of these cards, randomly selected, were used in 
a multitude linear regression analysis* to obtain a relationship between 
the observed photographic resolution and the conditions of the exposure. 
The derived equation is: 

Y' - 31.913 - 0.581^ + 0.219X2 - 0.035X- - 0.169X^    Eq. (7) 

Where 

Y' is the calculated value of resolution in lines/mm 

X, is the target distance in feet divided by 250 

Xp is the camera height in feet 

X_ is the net convective remainder*** in BTU/hr/ft 

Xi is the temperature in degrees F 

Since variation in the net convective remainder (NCR) over the 
observed range may produce a significant effect on photographic reso- 
lution, the question to be answered in this experiment is: What hap- 
pens to the NCR when various ground cover modifications are applied? 
Any change in the NCR would in turn mean a change in the resolution 
according to the derived equation. 

The method selected for the preliminary evaluation of the effect 
of ground cover modification was to set up two net radiant exchange 
radiometers (one of them for control purposes), with their associated 
ground conduction transducers. This setup was used to measure the 
change in radiation and ground conduction resulting from the appli- 
cation of various ground cover treatments. 

* The multiple linear regression analysis was made by James R. 
Harvey of the Assessment Division, Test Department, NOTS. 

** The net convective remainder is defined on page 2k. 
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Of the total solar energy incident upon the surface of the earth, 
E-t, a portion is reflected from the surface and a portion is absorbed 
by the ground. The energy re-radiated from the ground, combined with 
that which is reflected, is called Er, and strikes the underside of the 
transducer in the net exchange radiometer. Thus the net exchange ra- 
diometer measures E-fc - Ej.. A transducer under the surface of the ground 
measures the energy being conducted into the earth. The difference be- 
tween the net exchange above the earth and the ground conduction is 
considered to be available to produce convective heating of the air, 
with consequent turbulence. 

EXPERIMENTAL CONDITIONS 

Two net radiant exchange radiometers, with their associated ground 
conduction transducers, were set up to receive, as closely as practica- 
ble, identical solar radiation. After the instruments had been in place 
for a while, the ground cover was modified in the vicinity of one of the 
instruments.  Instruments were also set up to record wind velocity and 
ambient air temperature. 

The first two tests, one involving application of lime and the 
other sprinkling of water, were conducted on bare ground. For the first 
test thirty pounds of dry lime were applied to a circular area 2^ feet 
in diameter. For the second test, water was sprinkled on a similar area 
at a rate of 1-g- gallons per minute for a period of 20 minutes. The lo- 
cation of instruments used is shown in Fig. 35•  The third test was con- 
ducted on a lawn adjacent to a plot of bare ground. 

FIG. 35. Area Used 
in Experimental De- 
termination of the 
Effect of Spread Lime 
on Wet Radiation. 
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A transducer similar to the one used above ground, but with no air 
blower, was placed about 3/l6 Inch below the surface of the ground to 
measure ground heat conduction. 

Wind velocity (which consists of speed and direction) was obtained 
with a Beckman-Whitley climate-survey wind speed and direction recorder. 
Model 170-2. A three-cup anemometer and wind vane were mounted on a 
stand about six feet above the ground (see Fig. 36). 

Ambient air temperature was measured by recording the output of 
two copper-constemtan thermocouples. One thermocouple was mounted in- 
side a miniature thermoscreen about 6 feet above ground level (Fig. 36), 
and the other was placed inside a white-painted aluminum tube on the 
intake of a squirrel-cage blower. 

FIG. 36. Beckman-Whitley Wind Velocity Instru- 
ment. 
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DATA REDUCTION TECHNIQUES 

The temperature of the transducers and radiometers, in degrees F, 
the output of the transducers and radiometers in millivolts, and the 
ambient air temperature were recorded on two Brown Electronik recorders. 

For each radiometer and transducer there is a corresponding con- 
stant in BTU/hr/ft2/mv. This constant, K, and a calibrated, temperature- 
dependent, multiplying factor, F-t, are furnished by the manufacturer of 
the net exchange radiometers. 

The NCR is the product of K-F-^-mr  for the transducer, subtracted 
from the product of K-Ffmv for the corresponding radiometer.  The val- 
ues needed to compute the NCR were read from the data at 15-minute 
intervals. The interval was reduced to one minute during periods of 
special interest. 

Wind speed and wind direction were recorded on Estcrline-Angus 
graphic ammeters. The data were then read and plotted over intervals 
of one minute. 

RESULTS 

Ambient air temperature during each of the three tests is shown in 
Fig. 37« The most promising test was the one conducted with lime. Upon 
application of the lime the NCR for this area dropped almost immediately 
to approximately half the value of the NCR for its corresponding control 
area, as shown in Fig. 30, which is a history of the time of lime appli- 
cation for the entire lime-spreading experiment. Figure 39(a) is a por- 
tion of the time history sampled every minute, and Fig. 39(b) shows the 
calculated theoretical effect on the drop in NCR on image resolution 
using Eq. (7) and selecting 1,000 feet for the target distance and 6 feet 
for the camera height.  The calculated resolution for the limed area was 
approximately three lines/mm greater than the calculated resolution of 
its control area. According to the equation, the calculated resolution 
would always be 3 lines/ram better for a limed area, regardless of target 
distance or camera height.  The significance of a 3-liae/inm increase 
diminishes as the resolution increases. However, with exposure condi- 
tions that exist on ranges at NOTS, which often result in low values of 
photographic resolution, an increase of 3 lines/mm would often improve 
the information content of a photographic record considerably. 

^ 



NAVWEP3 REPORT 7773 

120 

ui    90 s i 
z 

70 

60 

1            1            1            II            1 

~                                                                                                                               TEMPERATURE 23 AUO '57             ~ 
LIME  EXPERIMENT 

        ■■•..■•■•■                                           TEMPERATURE 28 AUG'57" 

                                                      ^ H^O  EXPERIMENT 

- S*                                                                                                                 TEMPERATURE   29 Auo"'s?         _ 
"^                                                                                                                                   GRASS EXPERIMENT 

1                                1                                 1                                1               1                1                1                1 
1100 1300 1400 

TIME OF DAY 

1500 1600 

FIG. 37-    Record of Ambient Air Temperature During Three Tests. 
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FIG. 39(a). Partial Record of NCR Durinc Lime Test From Data 
Taken at One-Minute Intervals. The abrupt drop in NCR is 
shown to occur within two minutes of application of lime to 
test area. 

TIME Of DAY 
III] 1117 

FIG. 39(b).  Theoretical Effect of the Drop in 
NCR on Image Resolution. 
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It was noted earlier that the interval for sampling the data was 
decreased during periods of special interest. The NCR was plotted to 
show the effect of the passing of thin high clouds, and the passing of a 
dust devil (whirlwind). The dust devil, traveling toward the east, stop- 
ped for a short time over the area covered with lime. It gathered lime, 
which rose in a column about 60 feet in the air, then continued eastward. 
There were no effects on the NCR of the limed area after the dust devil 
had passed; however, during the passage of both the clouds and the dust 
devil the NCR of the test area and that of the control area dropped. 
The dust devil produced the largest drop. The effects of both are shown 
in Fig. k-O, 

The application of water to the test area increased the computed 
NCR approximately 60 BTU/hr/ft2 over the NCR of its control area; how- 
ever, after several hours of evaporation the NCR of the test area again 
approached that of the control area (Fig. ^1). The NCR was originally 
computed by assuming that any energy which wasn't reflected or re-radi- 
ated or conducted into the ground is available to produce convective 
heating. Evaporation near the surface would dissipate energy which 
formerly was available for ground heat conduction or reflection or re- 
radiation. A more accurate value of the NCR could be obtained by adding 
another term to the equation for the NCR, making it: NCR = (Et-Er-Eg-Ee) 
where Ee is the amount of energy dissipated by evaporation. The instru- 
mentation used did not measure Ee, and therefore the water test was con- 
sidered inconclusive. 

The computed NCR of the grass-covered area was approximately 60 
BTU/hr/ft2 greater than that of the control area throughout the test 
(Fig. 42). However, in this test a part of the incident energy was con- 
verted by the grass into energy, iriiich it used for growing. Since the 
grass area was sprinkled frequently, some energy was lost through evap- 
oration. Thus two more values should be added to the original equation 
for the NCR, making it NCR = (Et-Er-Eg-Ilv-Ee), Ee being the energy dis- 
sipated by evaporation, and Ey the energy used by the grass for growth. 
Since neither Ee nor Ey was measured, this test was also considered 
inconclusive. 

In general, temperatures from the blower thermocouple were lower 
than temperatures from the therraoscreen, indicating some buildup of heat 
in the thermoscreen. Temperatures shown in Fig. 37 are those obtained 
in the blower airstream. There seemed to be no correlation between wind 
velocity and NCR. 
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FIG. h2.    Record of NCR During Grass Test. 
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INTOODUCTION 

Until the most recent times man has humbly accepted limitations of 
visibility and the accompanying curtailment of his activities wherever 
and whenever such limitations occurred. Fog-horns, radar, and sonar are 
examples of modern devices and techniques used to either implement visi- 
bility or compensate for lack of visibility. During the past twenty- 
five years the acceleration of advances in technology particularly in 
applications to new ordnance and to space exploration have intensified 
man's interest and progress in visibility problems. Laboratories have 
been established which are devoted exclusively to problems in visibility. 

Test objects are usually viewed or photographed over some path of 
sight through the atmosphere. The classic principles of optics tacitly 
assume a steady isotropic atmosphere in the interests of simplicity. 
The atmosphere, however, is subject to the convective disturbances of 
heat waves variously referred to as shimmer, heat boil, differential 
refraction, or, in the case of stars, twinkle. These disturbances are 
especially important in measurements made over the long reaches of ter- 
rain at the Nation's several missile test centers. 

Heat waves, optical haze, and similar phenomena have been little 
studied with respect to their effects on the resolving power of an opti- 
cal system or the displacements and distortions of the resulting photo- 
graphic images. Most of the past work in this field has been devoted to 
measuring the limits of distant vision of certain objects, or the atten- 
uation of contrast of distant objects having various patterns or surface 
markings. Except for the foundational work of Ward (Refs. 29 and 31) 
and some miscellaneous investigations published in one or two memoranda 
little actual work on this problem took place at NOTS prior to 1953- 
Yet in spite of scanty experimental data this troublesome problem was 
the subject of much discussion and occasional controversy. 

In September 1953 the late William H. Christie began searching the 
literature and studying the feasibility of an experimental determination 
of the important factors producing this disturbance, and of the possible 
steps to be taken to alleviate, in part, the problems associated with 
heat waves. Christie was aided in this investigation by several other 
Station scientists, who carried on the work after his untimely death un- 
til such time as they were transferred to other projects, whereupon the 
project came to a standstill, unfinished and essentially unreported. 
The greater portion of this report deals with the work of Christie end 
his associates. 
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The  report is divided into five parts:  The first part deals with 
the establishment of the Heat-Wave range; the second with the test re- 
sults from the rangej the third, "Peregrinations of Optical Images", 
though partly theoretical, incorporates results from measurements made 
on Station; the fourth, "Ground-Cover Studies", reports work done largely 
by Carroll L. Evans, Jr. and Lynn L. Lyon to determine what effects var- 
ious ground cover materials in the camera vicinity would have on photo- 
graphic resolution; the fifth part sets forth conclusions. Appendix A 
is a description of test range instrumentation. Mathematical derivations 
and experimental details appear in Appendices B and C. 

ESmBLISHMENT OF THE HEAT-WAVE RANGE 

Preliminary investigation had indicated that many different factors 
might be responsible for heat waves, and that other phenomena such as 
haze, cloud cover, and wind velocity, contributed to resolution problems. 
It was at once apparent that controlled experiments were impractical as 
an incidental adjunct to normal use of the ordnance test ranges. It was 
thus necessary to set up a separate range for such studies, and in Novem- 
ber 195^ a test array, to be known as the Heat-Wave Range, was estab- 
lished by Christie at K-2 range. 

The purpose of the Heat-Wave Range was to study the effects of heat 
waves on visual and photographic images. The range consisted essentially 
of a Mitchell camera having a kQ-lnch  lens, the camera being mounted on 
an elevator platform and used to photograph a series of resolution tar- 
gets at distances up to ^,000 ft from camera heights varying up to 30 
feet. Instrumentation of the range is described in detail in Appendix A. 
Examples of the variations of resolution with time of year and camera 
height are shown in Fig. 1. 
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